.-The biosynthesis of carotenoids was followed in Rhodotorula glutinis and in a new strain, (produced by irradiating the normal strain with X rays), and proposed the pigments X and ,Bcarotene as the precursors of both torularhodin and torulin. Nakayama, Mackinney, and Phaff (1954) investigated the effect of temperature on the formation of the carotenoids of R. glutinis. At 5 C, A-and oy-carotene were the main pigments formed, whereas at 25 C larger amounts of torulin and torularhodin were formed, accompanied by a decrease in zy-and (3-carotene.
Unified concepts for the biosynthesis of the carotenoids have been recently proposed by Jensen, Cohen-Bazire, and Stanier (1961) and Porter and Anderson (1962) . The conclusions drawn from earlier studies of yeast carotenoids, however, conflict in part with the transformations of carotenoids believed to take place in other carotenoid-forming systems. The yeast studies have been confined mainly to mutants of Rhodotorula.
Bonner et al. (1946) studied seven mutants (produced by treating the normal strain with ultraviolet radiation) isolated from R. rubra whose color ranged from red to colorless. Torulin, 'y-and (3-carotene, and phytofluene, along with pigments "A" and "B," were isolated. On the basis of this study, the authors proposed a parallel pathway for the formation of torulin and the yellow carotenoids, with phytofluene as a common precursor. Villoutreix (1960) concluded, after investigating the carotenoids isolated from the mutants of R. mucilaginosa (produced by treating the normal strain with ultraviolet radiation), that the carotenoids of yeast are not mutually related. Of the seven mutants studied, five contained torularhodin; one contained spirilloxanthin; one, lycopene; four, torulin; five, neurosporene; six, ,y-carotene, five, i-carotene; two, pigment X; six, ,(-carotene; and three, phytofluene. Kayser and Villoutreix (1961) later examined the carotenoids of a mutant of R. nmucilaginosa (produced by irradiating the normal strain with X rays), and proposed the pigments X and ,Bcarotene as the precursors of both torularhodin and torulin. Nakayama, Mackinney, and Phaff (1954) investigated the effect of temperature on the formation of the carotenoids of R. glutinis. At 5 C, A-and oy-carotene were the main pigments formed, whereas at 25 C larger amounts of torulin and torularhodin were formed, accompanied by a decrease in zy-and (3-carotene.
We report on the biosynthesis of the carotenoids in R. glutinis. The changes in carotenoid synthesis were brought about by culturing at temperatures of 5 and 25 C, and by treatment with the vapors of methylheptenone and ,iionone. The carotenoids of a new isolate were determined to be primarily y-carotene, torulin, and torularhodin.
MATERIALS AND METHODS
Some of the characteristics of R. glutinis (Fres.) Harrison 48-23T have beeln described previously (Nakayama et al., 1954; Simpson, Nakayama, and Chichester, 1964 Petroleum ether (boiling range, 30 to 60 C; analytical reagent grade) was distilled prior to use, and was further purified by percolating the distilled product over silica gel (Graff, O'Connor, and Skan, 1944 (Nakayama et al., 1954) .
A 100-ml amount of medium was autoclaved in shasta flasks (flat whiskey bottles of 473-ml capacity) and allowed to solidify with the flasks lying on one side. This provided an agar surface of approximately 100 cm2 for growth. In some experiments both strains 48-23T and 62-506 were cultivated in 250-ml Erlenmeyer flasks containing 50 ml of a liquid medium consisting of 0.5% yeast autolysate and 5% glucose broth. Broth cultures were incubated at 20 C on a rotary shaker. Cultures were grown in the presence of methylheptenone or f3-ionone vapors by simply dipping a cork (diameter, 1.0 cm) into these liquids, and touching the cork surface lightly to the tip of the cotton plugs, which were then reinserted into the mouths of the culture flasks.
The yeast cells were harvested, washed, and then disrupted in a modified French press (Simpson et al., 1963 (Simpson et al., , 1964 . The pigments were extracted with acetone, transferred to petroleum ether, and chromatographed on magnesium oxide-Hyflo Super-Cel (1:2, w/w) as described previously (Simpson et al., 1964 The pigments were rechromatographed on magnesium oxide -Super -Cel with petroleum ether. "Crude" phytoene and phytofluene were eluted from the column, and the other bands were cut from the columns and individually eluted with solvents. The order of adsorption was f3-carotene, f-zeacarotene, A-carotene, -y-carotene, neurosporene, and torulin. All of these, except torulin and torularhodin, were eluted from the column material with acetone. They were transferred to petroleum ether, and washed free from acetone with water washes.
Torulin was eluted with ethyl ether and methyl alcohol, and torularhodin was eluted with acetic acid-ethyl ether (1:10). The water-soluble compounds were removed by water washes, and the ethyl ether was dried over anhydrous sodium sulfate. Torularhodin and torulin were taken to dryness in a rotary flash evaporator, and then were dissolved in CHCl3 and petroleum ether, respectively.
Torulin was rechromatographed on cellulose, where it separated into an orange and a red band. The red band exhibited absorption maxima corresponding to published values for torulin. Iodine catalysis of torulin produced a pigment whose light-absorption curve closely resembled that of the orange product. This suggested that the orange torulin was an isomeric (trans -* cis) conversion product probably produced in the isolation and purification procedures (Simpson et al., 1963 (Nakayama et al., 1957) Table 3 ). The foIrmation of a-car-otene, torulin, and tortilarhodin, however, was greatly sul)lpressed by these agents. y-Cairotene concentration didl not change with the methyflbeptenone treatment, buit dlecreased wshen the culture was treated with 3-ionone. 'T'he effect of 0-ionone on ,-car otene synthesis was to dlecrease its concent,ration; a more dramatic effect was demonstrable by adding the 0-ionone at the timne of inoclulation.
U-nder these conditions only 5.1 ,ug/g of -carotene and 9.3 ,ug/g of y-carotene were for-med.
'rhe overall effect of the administiationi of c-carotene. The presence of torularhodin, phytoene, and ,B-zeacarotene was not indicated. At the time of their report, many of the carotenoid structures were unknown; thus, a relationship based on structure was then not possible. Villoutreix (1960) isolated phytoene, phytofluene, c-carotene, neurosporene, pigment X (probably identical to f3-zeacarotene), y-carotene, torularhodin, torulin, and 83-carotene. In addition, one mutant, which only formed acyclic polyenes, also formed lycopene and spirilloxanthin. Villoutreix (1960) concluded, on the basis of the analysis of the amounts of the various carotenoids isolated, that the various yeast polyenes were not mutually related.
In a subsequent report, Kayser and Villoutreix (1961) proposed, on the basis of the alternation of the carotenoids of an X-ray mutant of R. mucilaginosa, that pigment X and y-carotene were the precursors of torulin and torularhodin.
In the present report, the biosynthesis of Rhodotorula carotenoids was studied by altering the carotenoid formation in 48-23T. By use of the temperature-sensitive properties of R. glutinis, -y-carotene would appear to be at a branch point in the biosynthetic pathway. A temperaturesensitive system subsequent to y-carotene would thus seem to be responsible for the channeling of intermediates to either of the red carotenoids of (8-carotene.
The change in the concentration relationships of the carotenoids in growing cultures of 62-506 reinforced the position of y-carotene in the biosynthetic pathway. oy-Carotene does not constitute the major pigment in Rhodotorula grown at 25 C, but is normally found at concentrations approximating 25% of the total pigment (Nakayama et al., 1954) . In 62-506, y-carotene concentration approached 65% of the total carotenoid after 5 days of growth; therefore, it must represent a major product in the isoprenoid pathway. Its decrease with time, coupled with a simultaneous increase in structurally related products, could indicate an interconvertibility, even though the relation is not stoichiometric.
If the assumption is made that in the latter stages of growth a general loss of all pigments occurs (Fig. 1) , and that all of the pigments have approximately the same relative stability, the increase in concentration of torularhodin with time is very nearly equal to the drop in 7-carotene concentration. The abrupt change in 7-carotene in any case is indicative of a major change in metabolism. The metabolic changes observed are similar to many previous observations (Jensen et al., 1961; Claes, 1954 Claes, , 1956 Claes, , 1958 .
In P. blakesleeanus (Chichester, Wong, and Mackinney, 1954) , it was shown that methylheptenone blocks carotenoid synthesis, largely at the phytoene level, although some accumulation of phytofluene was noted. It was postulated that the dehydrogenation steps in the pathway were blocked (Porter and Lincoln, 1950; Jensen et al., 1958) , and thus the accumulation of the more saturated intermediates occurred. The same effect was noted when the cultures were treated with citral or cyclocitral (Chichester et al., 1954) , whose structures in many respects are similar to that of methylheptenone and ionone. Treatment of carotenoid-producing systems with diphenylamine (Turian, 1950; Turian and Haxo, 1952; Jensen et al., 1958 ) demonstrated a net accumulation of saturated carotenoids. In some cases, it was possible to demonstrate a stoichiometric relationship between the accumulated saturated carotenoids and the more unsaturated ones upon removal of the inhibitor. Consequently, in many cases there exists a possibility for the conversion of the hydrogenated carotenoids to those which are less saturated. The results of ionone or heptenone treatment of Rhodotorula 48-23T are similar to those reported for treatment of cultures with similar inhibitors in other organisms (i.e., the accumulation of more saturated, alicyclic carotenoids). The proposed sequential pathway (Fig. 2) is, therefore, consistent with previous findings (Jensen et al., 1958; Porter and Anderson, 1962) , structural relationships, results which have been reported using inhibitors to block synthetic carotenoid synthesis, and data derived from the analysis of carotenoids of 62-506 at various times during its growth.
An aldehydic pigment is postulated as an intermediate in the formation of torularhodin from torulin, although the pigment was not isolated in these experiments. Its inclusion is based upon its synthesis by Isler et al. (1959) . known, but it is related to that of 3-zeacarotene (Petzold, Quackenbush, andl AMcQuistan, 1959) . In all cases where these could l)e separated, the amount of O-zeacarotene isolated was greater than that of 01-zeacaiotene. Only l1-zeacarotene was isolated from cuiltures grown on the rotary shaker.
Lycopene was not (letected in any of the cultures, althouglh the various treatments caused the level of neurosporene and O-zeacarotene to increase. These results do not rule out lycopene as an intermediate, but it would appear that at least the inain pathway between neurosporene and -y-carotene is mediated by f-zeacarotene.
No xanthophylls containing a secondary hydroxyl groul) were found in this study. To our knowledge, no carotenoids containing this grouping have been reported in yeast., although they are extremely common in l)lant tissues.
